Adaptation to stress depends on the modulation of gene expression. Regulation of mRNA 40 stability and degradation in stress granules (SGs), -cytoplasmic membraneless organelles 41 composed of messenger ribonucleoprotein (mRNP) complexes, -plays an important role in 42 fine-tuning of gene expression. In addition, SG formation can modulate stress signaling 43 pathways by protein sequestration. Molecular composition, structure, and function of SGs in 44 plants remain obscure. Recently, we established Tudor Staphylococcal Nuclease (TSN or 45 Tudor-SN; also known as SND1) as integral component of SGs in Arabidopsis thaliana. Here, 46 we combined purification of TSN interactome with cell biology, reverse genetics and 47 on the presence of TSN and formation of SGs. Altogether, our results establish TSN as a 59 docking platform for SG-associated proteins and important stress signal mediator in plants. 60 61 62
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*Author for correspondence: egutierrez@ibvf.csic. es  23   24   25  26  27  28  29  30  31  32  33  34  35  36  37  38 bioinformatics to study composition and function of SGs in plants. We found that under both 48 normal (in the absence of stress) and stress conditions TSN interactome is enriched in the 49 homologues of known mammalian and yeast SG proteins, in addition to novel or plant-specific 50 SG components. We estimate that upon stress perception, approximately half of TSN 51
interactors are recruited to SGs de novo, in a stress-dependent manner, while another half 52 represent a dense protein-protein interaction network pre-formed before onset of stress. Almost 53 all TSN-interacting proteins are moderately or highly disordered and approximately 20% of 54 them are predisposed for liquid-liquid phase separation (LLPS). This suggests that plant SGs, 55 similarly to mammalian and yeast counterparts, are multicomponent viscous liquid droplets. 56
Finally, we have discovered that evolutionary conserved SNF1-related protein kinase 1 57 (SnRK1) interacts with TSN in heat-induced SGs and that SnRK1 activation critically depends 58
INTRODUCTION 69
Upon stress perception, eukaryotic cells compartmentalize specific mRNA molecules stalled in 70 translation initiation in two types of evolutionarily conserved membraneless organelles (MLOs) 71 called stress granules (SGs) and processing bodies (PBs) (Thomas et al., 2011; Protter and 72 bioinformatics to advance our understanding of the regulation and molecular function of SGs 137 in plants. We show that SG proteins form a dense interaction network already under normal (no 138 stress) conditions that is poised to enable rapid SG assembly in response to stress. We found 139 that TSN functions as a platform for docking homologues of key components of yeast and 140 mammalian SGs, as well as novel or plant-specific components. Ubiquitous occurrence of 141 intrinsically-disordered proteins (IDPs) among TSN interactors supports a notion of LLPS 142 being a key process underlying SG assembly in plants. Finally, we have discovered that TSN 143 and formation of SGs confer heat-induced activation of the major energy sensor SNF1-related 144 protein kinase 1 (SnRK1). 
Generation and characterization of Arabidopsis TAPa-expressing lines 149
As a first step to investigate the role of TSN in SG formation, we have used TSN2 Arabidopsis 150 isoform as a bait for alternative tandem affinity purification (TAPa) (Rubio et al., 2005) . Thus, 151 TSN2 and green fluorescent protein (GFP; negative control) were tagged at their C-termini with 152
TAPa epitope containing two copies of the immunoglobulin-binding domain of protein A from 153
Staphylococcus aureus), a human rhinovirus 3 protease cleavage site, a 6-histidine repeat and 154 9-myc epitopes ( Figure 1A) . Resulting TSN2-TAPa and GFP-TAPa vectors were introduced 155
into Arabidopsis Columbia (Col) background. Two lines per construct showing good 156 expression levels were selected for further studies (Supplemental Figure S1A) . redistributed to punctate foci following heat stress (HS) ( Figure 1B) . In contrast, GFP-TAPa 163 remained cytoplasmic regardless of conditions ( Figure 1B) . These data suggested that C-164 terminally TAPa-tagged TSN seemed to preserve key functional features of its native 165 counterpart when expressed in Arabidopsis, thus representing physiologically-relevant bait for 166 the isolation of TSN-interacting proteins. 167 168 169
Identification of TSN2-interacting proteins 170
To examine the feasibility and efficiency of purifying TSN2-TAPa and GFP-TAPa proteins 171 from the corresponding transgenic plants, we performed a small-scale TAPa purification by 172 following the TAPa purification procedure ( Figure S2 ). As shown in Figure S3A , the 173 immunoblot analysis with α-Myc confirmed that both TAPa-tagged proteins could be properly 174 purified. Since TSN2 was originally identified as a robust marker of SGs induced by HS in 175
Arabidopsis plants (Gutierrez-Beltran et al., 2015) , we anticipated to initially compare the 176 TSN2 interactomes under HS and NS conditions. This comparison enabled classification of 177 various TSN interactors into one of three classes ( Figure 1C ): (i) stress-independent interactors, 178 which associate with TSN independently of HS; (ii) stress-dependent interactors, which 179 associate with TSN only under HS; and (iii) stress-sensitive interactors, whose association with 180 TSN is lost during HS. 181
The mass spectrometry analysis yielded 1,091 and 4,490 hits under NS conditions and 1,493 182 and 1,573 hits under HS conditions in GFP and TSN2 isolations, respectively ( Figure S4 ). In 183 order to identify specific interactors of TSN2, we filtered the results using a two-step procedure. 184
First, we removed GFP-interacting proteins as well as proteins that are not present in at least 185 two biological replicates (non-specific interactions in Figure S4 ). The only exception was made 186 for some of the well-known plant SG components, such as PAB4, Rbp47 or RHM, which were 187 kept in the list regardless of their appearance in the GFP sample. Thereafter, proteins were In this context, we first evaluated the occurrence of proteins with IDRs in both TSN2_NS and 243 TSN2_HS interactomes using two predictor algorithms: PONDR-FIT and PONDR-VSL2 244 interactomes in IDR-containing proteins ( Figure 3A ). Based on their intrinsic disorder (ID) 246 content, proteins were classified as highly ordered (disorder score < 0.25), moderately 247 disordered (disorder score between 0.25 and 0.5) and highly disordered (disorder score > 0.5). 248
According to PONDR-VSL2, while as much as 93% of the entire Arabidopsis proteome is 249
represented by moderately and highly disordered proteins, this frequency was increased further 250 in both TSN2_NS and TSN2_HS interactomes, reaching 99.4% and 100%, respectively (Figure 251 Figure 3D shows that TSN2 is expected to 266 have several (11 if averaged for six predictors) disordered regions (score above 0.5). Thus, the 267 SN domains of TNS2 are predicted to be highly disordered, whereas the tudor region is 268 predicted to be one of the most ordered parts of this protein. This observation was confirmed 269 using D 2 P 2 database providing information about the predicted disorder and selected disorder-270 related functions (Supplemental Figure S7A) 
TSN-interacting proteins co-localize with TSN2 in cytoplasmic foci 277
To ascertain the SG localization of TSN2-interacting proteins identified by mass spectroscopy, 278
we shortlisted the 16 most interesting proteins from the HS-independent class of interactors 279
( Figure 2C and 4A). The short list included homologues of key components of yeast and animal 280 SGs (IF4E5, PAB4 and a 40S ribosomal subunit) and hypothetical plant-specific SG 281 components with a key role in fundamental eukaryotic pathways (e.g. SnRK1 proteins, RH12, 282 SKP1, MC1 and TCTP). First, we performed a co-localization study to investigate whether the 283 shortlisted TSN-interacting proteins were translocated to TSN2 foci under stress. To this end, proteins. This analysis confirmed that all proteins indeed interacted with TSN2 in cytoplasmic 297 foci under stress ( Figure 4D ). Notably, we observed that, in line with our proteomics data, TSN2 298 interacted with its partners also under normal (NS) conditions (Supplemental Figure S9 ). Taken 299 together, these findings suggest that a subset of proteins that respond to stress by re-localization 300 to punctate foci interact with TSN and are thus new candidates for SG-associated components 301 in plants. 302 303 304
N-terminally situated SN domains of TSN participate in the interaction with SG proteins 305
To investigate whether the interaction of TSN with SG proteins presents any domain 306 preference, we performed a BiFC assay with full-length TSN2 or either SN region (tandem 307 repeat of four N-terminally located SN domains) or Tudor (Tudor and the fifth SN domains) 308 region ( Figure 4E redundancy is conserved at SG level, we isolated TSN1 interactome from unstressed plants 320
using the same TAPa procedure as described above for TSN2 (Supplemental Figure S1B , S2, 321 S3B). As a result, we obtained TSN1_NS pool comprised of 270 protein hits (Supplemental 322 Figure S4 and Supplemental Table 1 ). Out of these, 108 (40%) were TSN1-specific, whereas 323 the remaining, larger fraction (164 proteins, 60%) represented common interactors of TSN1 324 and TSN2, reflecting their functional redundancy ( Figure 5A ). Notably, the pool of common 325 interactors of TSN1 and TSN2 was enriched in SG proteins, including core, evolutionarily 326 conserved components such as PAB4, 40S ribosomal subunits, DEAD-box helicases or CCT 327 proteins (group 1, Figure 5A ). In addition to known SG homologs in either human or yeast, the 328 TSN1/2 pool contains proteins found in the previously characterized Arabidopsis Rbp47b 329 proteome (group 2), as well as novel plant SG components verified through either co-330 localization or BiFC with TSN2 or both methods (group 3, Figure 4A To corroborate proteomics results, we have chosen DEAD-box ATP-dependent RNA helicase 334 12 (RH12), as a common interactor of TSN1 and TSN2. First, we confirmed molecular 335 interaction between two isoforms of TSN and RH12 by coimmunoprecipitation (Co-IP) in cell 336 extracts from agro-infiltrated N. benthamiana leaves. As shown in Figure 5B , RH12 337 coimmunoprecipitated with both TSN1 and TSN2 but did not with GFP, used as a negative 338 control in this experiment. Second, we produced Arabidopsis lines stably expressing GFP-339 RH12 under native promoter and observed relocalization of the fusion protein to cytoplasmic 340 foci under HS conditions in root tip cells ( Figure 5C ). Taken together, these data indicate that 341 TSN1 and TSN2 are likely redundant in providing a scaffold platform for the recruitment of a 342 wide range of SG components in Arabidopsis plants. 343 344
Isolation of salt stress-induced TSN2 interactome and candidate core SG components 345
Previously it was shown that TSN2 is re-localized to SGs under salt stress (Yan et al., 2014) . 346
To investigate how TSN2 interactome is affected by salt stress, we isolated TSN2_NaCl 347 interactome from salt-stressed Arabidopsis plants using our standard TAPa purification 348 procedure. The resulting TSN2_NaCl pool included significantly lower number of protein hits 349 (44 hits), as compared to both TSN2_NS and TSN2_HS pools hits ( Figure 6A ; Supplemental 350 Figure S4 and Supplemental Table 1 ). Fifty two percent (23/44) of the protein hits were 351 classified as NaCl stress-independent TSN2 interactors, as they also appeared in the TSN2-NS 352 dataset, including many well-characterized SG proteins (e.g., Rbp47, UBP1, PAB4, several 353 helicases and 40S ribosomal subunits). Interestingly, no known SG component were found 354
among NaCl stress-dependent TSN2 interactors ( Supplemental Table 1 ), suggesting a new role 355
for TSN2 under salt stress that could be explored in future studies. representing core SG components constitutively bound to the TSN platform ( Figure 6B ). To 360 validate this assumption, we performed Co-IP using protein extracts prepared from 7-day-old 361
Arabidopsis seedlings expressing GFP-Rbp47 (a putative core SG protein fused to GFP) and 362 exposed to heat or salt stress (Rayman et al., 2018). As shown in Figure 6C , TSN co-363 immunoprecipated with GFP-Rbp47 under both types of stresses, as well as in the absence of 364 stress. To further corroborate our result by in planta observations, we produced Arabidopsis 365 lines stably expressing GFP-fused variants of Rbp47 and UBP1, two putative core SG proteins, 366 and TCTP and SnRK1.2, two HS-dependent TSN2 interactors. Analysis of root tip cells 367 revealed that while Rbp47b and UBP1 were localized to both HS-and NaCl-induced SG puncta, 368 TCTP and SnRK1.2 exhibited punctate localization only under HS ( Figure 6D ). 369 370 371 372
TSN and SGs confer heat-induced activation of SnRK1 373
We have found that SnRK1.1 and SnRK1.2, -two Arabidopsis homologues of the evolutionary 374 conserved SNF1-related protein kinase 1, -are novel TSN-interacting proteins re-localized to 375 SGs exclusively during HS (Figure 4 and Figure 6D ). To dissect the functional relevance of 376 TSN binding and SG localization of SnRK1.1 and SnRK1.2, we investigated whether HS and 377 the presence of TSN could affect their kinase activity. To begin with, we corroborated the 378 interaction with TSN2 using two different approaches. First, we performed co-379 immunoprecipitation of native TSN and GFP-SnRK1.2 in protein extracts prepared from heat-380 stressed Arabidopsis plants expressing GFP-SnRK1.2. We found that native TSN co-381 immunoprecipitated with GFP-SnRK1.2 but not with GFP, which was used as a negative 382 control ( Figure 7A ). Second, a Förster resonance energy transfer (FRET) assay demonstrated 383 that TSN2 directly interacts with SnRK1.2 in N. benthamiana leaves under HS ( Figure 7B ). 384
Taken together, these findings confirm the in vivo TSN-SnRK1 interaction. 385
386
To determine whether SnRK1 activity is regulated in vivo by HS, we subjected 10-day-old 387 In a recent study, we found that TSN is stably associated with SGs in Arabidopsis (Gutierrez-419
Beltran et al., 2015). According to current hypothesis suggesting that the SG cores are relatively 420 stable, while the SG shells are highly dynamic (Jain et al., 2016), we hypothesize that TSN is a 421 SG core protein in plants. In the present study, we found that the Arabidopsis TSN proteins 422 interact with numerous SG components and that most of these interactions take place under no 423 stress condition ( Figure 2 ). This finding, together with the fact that N-terminally situated SN 424 domains are essential for these interaction, as well as SG-specific localization of TSN (Zhu et There are several lines of evidence suggesting that assembly of mammalian and yeast SGs 430 might be a highly regulated process controlled, at least in part, by ATP-dependent remodeling 431 complexes (Protter and Parker, 2016). First, numerous energy-driven chaperones have been 432 found in SG proteomes. Second, ATP is required for the formation of SGs . 433
Therefore, ATP-dependent events mediated by ATPases, such as movement of mRNPs to sites 434 of SG formation by motor proteins or remodeling of mRNPs to load required components could 435 be imperative for promoting SG assembly. In this context, the interaction of chaperonin- RNA/DNA helicases occurs exclusively in the absence of stress stimulus ( Figure 2C ), we 444 hypothesize that interaction between these proteins and TSN is necessary for the early steps of 445 SG assembly in plants (Figure 8 ). Once the stress stimulus is perceived, the ATP-dependent 446 remodeling complexes might detach from the TSN platform and aid in SG shell assembly. 447
448
The composition of SG proteome in animal and yeast cells is a highly variable characteristics 449 influenced by a type of stress or cell type (Markmiller et al., 2018). However, certain proteins, 450 e.g. G3BP1 and PAB, are constant SG constituents (Mahboubi and Stochaj, 2017). We 451 estimated that up to 50% of TSN-interacting proteins may be recruited to Arabidopsis SGs in 452 stress type-specific manner. In addition to a large resource of nearly 400 previously unknown 453 plant candidate SG proteins for further validation, our study provides also a subset of proteins 454 constantly interacting with TSN, regardless of stress or a type of stress. These proteins, 455
including UBP1, PAB4, Rbp47 or RH12 can therefore be considered as core constituents of 456 plant SGs ( Figure 6B) . (Figure 7) . It has been shown 500 that mammalian mTOR is translocated to SGs under stress, leading to its inactivation (Heberle 501 et al., 2015) . While there is no evidence so far that TOR is a component of SGs in plants, we 502 detected a TOR downstream effector RPS6 among TSN-interacting proteins ( Figure 2C , 503 Supplemental Table 1 ). We thus speculate that SGs and their integral constituent protein TSN 504 might play a crucial role in the regulation of the SnRK1-TOR module; however further work is 505 required to decipher mechanistic details and physiological roles of this regulation. 506 507 Based on our current results, we propose a three-step working model for the TSN-dependent 508 biogenesis of plant SGs that encompasses formation of the pre-existing TSN-SG complex, as 509 the first, primordial step crucial for proper SG assembly (Figure 8) . A few minutes after stress 510 exposure, a high-density protein-protein interaction network mediated by IDRs of stress-511 independent TSN interactors induces LLPS, leading to the formation of a pre-assembled state. 512
Since TSN is a core component (Gutierrez -Beltran et al., 2015) , one possibility is that formation 513 of stress granule core takes part first, followed by the assembly of a shell around this core in 514 which detachment of stress-sensitive TSN interactors and incorporation of stress-dependent 515 interactors accomplishing SG maturation process. ATP modulators present in the stress-516 sensitive pool such as CCT or DEAD-box RNA/DNA helicases, could be critically required for 517 both transition steps. 518 519 EXPERIMENTAL PROCEDURES 520 521
Plant Material and Molecular Biology 522
The T-DNA tsn1tsn2 double mutant for TSN1 and TSN2, in the Landsberg erecta (Ler) and 523
Columbia (Col) backgrounds, respectively, was isolated as shown previously (Gutierrez-524
Beltran et al., 2015). The mutant was five times back-crossed with wild-type (WT) Col plants 525
to generate an isogenic pair. Finally, both tsn1tsn2 mutant and WT plants were selected from 526 NaCl, 10% glycerol, 0.1% Nonidet P-40 and 1x protease inhibitor cocktail; Sigma-Aldrich) and 549 centrifuged for 12,000 g for 10 min at 4°C. Supernatants were collected and filtered through 550 two layers of Miracloth (Calbiochem). Plant extracts were incubated with 700 µL IgG beads 551 (Amersham Biosciences) for 4-5 h at 4°C with gentle rotation. After centrifugation at 250 g for 552 3 min at 4°C, the IgG beads were recovered and washed three times with 10 mL of washing 553 buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, and 0.1% Nonidet P-40) and 554 once with 5 mL of cleavage buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 555
Nonidet P-40, and 1 mM DTT). Elution from the IgG beads was performed by incubation with 556 15 µL (40 units) of PreScission protease (Amersham Biosciences) in 5 mL of cleavage buffer 557 at 4°C with gentle rotation. Supernatants were recovered after centrifugation at 250 g for 3 min 558 at 4°C and stored at 4ºC. The IgG beads were washed with 5 mL of washing buffer, centrifuged 559 again, and the eluates pooled. Pooled eluates were transferred together with 1.2 mL of Ni-NTA 560 resin (Qiagen, Valencia, CA, USA) into a 15 mL Falcon tube and incubated for 2 h at 4°C with 561 gentle rotation. After centrifugation at 250 g for 3 min at 4°C, the Ni-NTA resin was washed 562 three times with 10 mL washing buffer. Finally, elution was performed using 4 mL of 563 imidazole-containing buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% 564 Nonidet P-40, 200 mM imidazole). All the steps in the purification procedure were carried out 565 at 4°C. For each large-scale TAPa purification, three TAPa plant samples (15 g, fresh weight 566 each) were processed in parallel as described above. Final eluates were pooled together, 567 proteins were precipitated using TCA/Acetone extraction and 100 µg of protein was digested 568 according to the FASP method (Wisniewski et al., 2009 ). Three and two biological replicates 569 were performed for isolating TSN interactomes from unstressed and stressed plants, were filtered to include only high confidence peptides with peptide mass deviation 2 and a 587 minimum of 2 unique peptides per protein and score thresholds to attain an estimated false 588 discovery rate of ∼1% using a reverse decoy database strategy (Chittum et al., 1998). 589
Plant and Protoplast Transformation 590
Arabidopsis Columbia (Col) plants were transformed as described previously (Clough and 591 Bent, 1998) using Agrobacterium tumefaciens (Agrobacterium) strain GV3101. In Figure 5 and KCl, 0.1 % (w/v) Bovine serum albumin (BSA) for 60 min. Protoplasts were separated from 607 debris by centrifugation (100 g, 3 min, 4ºC), washed two times with ice-cold W5 buffer (154 608 mM NaCl, 125 mM CaCl2, 5 mM KCl and 2 mM MES-KOH pH 5.7) and resuspended in ice-609 cold W5 buffer at a density of 2.5 x 10 5 protoplasts mL −1 . The protoplast suspension was 610 incubated for 15 min on ice before heat stress. 611
Bimolecular Fluorescence Complementation (BiFC) 612
For BiFC assays, Agrobacterium strains GV3101 carrying cYFP-TSN2 cYFP-SN or cYFP-613
Tudor and the corresponding nYFP-TSN-interacting proteins were co-infiltrated into N. 
Protein extraction and Immunoblotting 647
Two hundred milligrams of leaf material were mixed with 350 µL of extraction buffer (100 648 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Nonidet P-40 and 1x Protease inhibitor cocktail 649 (Sigma, P599)) and centrifuged for 15 min at 14,000 g. 4X Laemmli sample was added to 100 650 µL supernatant and boiled for 5 min. Equal amounts of supernatant were loaded on 10% poly-651 acrylamide gels and blotted on a polyvinylidene difluoride (PVDF) membrane. α-Myc and α-652 rabbit horseradish peroxidase conjugate (Amersham, GE Healthcare) were used at dilutions 653 1:1,000 and 1:5,000, respectively. The reaction was developed for 1 min using a Luminata 654
Crescendo Millipore immunoblotting detection system (Millipore, WBLUR0500). 655
For detection of phosphorylated forms of SnRK1 proteins, 10-day-old seedlings were collected 656 and ground in liquid nitrogen and the proteins were extracted using the following extraction 657 buffer: 25 mM Tris-HCl pH 7.8, 75 mM NaCl, 15 mM EGTA, 10 mM MgCl2, 10 mM B-658 glycerophosphate, 15 mM 4-Nitrophenylphosphate bis, 1 mM DTT, 1 mM NaF, 0.5 mM 659 Na3VO4, 0.5 mM PMSF, 1% Protease inhibitor cocktail (Sigma, P599), 0.1% Tween-20. The 660 protein extracts were centrifuged at 13,000 rpm and 4ºC for 10 min and supernatants transferred 661 to a new tube. The protein concentration was measured using Bradford Dye Reagent (Bio-Rad); 662 equal amounts (15 µg) of total protein for each sample were separated by SDS-PAGE (10% 663 acrylamide gel) and transferred to a PVDF membrane (Bio-Rad). The membrane was blocked 664 in TBST buffer containing 5% (w/v) BSA and incubated with primary antibody and secondary 665 antibody. Antibodies used for immunoblotting were as follows: a-Phospho-AMPKα (Thr175) 666 (a-pT175) (1:1,000, Cell Signaling Technology), a-Kin10 (1:1,000, Agrisera), a-Kin11 667
(1:1,000, Agrisera), and a-Actin (1:10,000, Agrisera). 668 669 670
Co-immunoprecipitation (Co-Ip) 671
For Co-Ip assays, total proteins from 7-day-old seedlings were extracted with no-salt lysis 672 buffer (50 mM Tris, pH 8.0, 0.1% Nonidet P-40, and 1% Protease inhibitor cocktail [Sigma]) 673 at a fresh weight:buffer volume ratio of 1 g:2 mL. After centrifugation at 6,000 g and 4°C for 674 5 min, 20 µL of α-GFP microbeads (Miltenyi Biotec) were added to the resultant supernatant 675 and incubated for 1 h at 4°C on a rotating wheel. Subsequent washing and elution steps were 676 performed according to the manufacturer (µMACS GFP Isolation Kit; Miltenyi Biotec). 677
Immunoblot analysis was done essentially as described above, and immunoprecipitates from 678 transgenic lines expressing free GFP were used as controls. GFP-TSN-interacting proteins and 679 native TSN were detected by mouse α -GFP (monoclonal antibody JL-8; Clontech) and rabbit 680 α-TSN antibodies at final dilutions of 1:1,000 and 1:5,000, respectively. Figure S4 . 
